Bone degradation by osteoclasts depends on the formation of a sealing zone, composed of an interlinked network of podosomes, which delimits the degradation lacuna into which osteoclasts secrete acid and proteolytic enzymes. For resorption to occur, the sealing zone must be coherent and stable for extended periods of time. Using titanium roughness gradients ranging from 1 to 4.5 mm R a as substrates for osteoclast adhesion, we show that microtopographic obstacles of a length scale well beyond the range of the 'footprint' of an individual podosome can slow down sealing-zone expansion. A clear inverse correlation was found between ring stability, structural integrity and sealing-zone translocation rate. Direct live-cell microscopy indicated that the expansion of the sealing zone is locally arrested by steep, three-dimensional 'ridge-like barriers', running parallel to its perimeter. It was, however, also evident that the sealing zone can bypass such obstacles, if pulled by neighbouring regions, extending through flanking, obstacle-free areas. We propose that sealing-zone dynamics, while being locally regulated by surface roughness, are globally integrated via the associated actin cytoskeleton. The effect of substrate roughness on osteoclast behaviour is significant in relation to osteoclast function under physiological and pathological conditions, and may constitute an important consideration in the design of advanced bone replacements.
INTRODUCTION
Bone growth and remodelling are tightly regulated by the balanced activities of osteoclasts and osteoblasts, whose functions are bone resorption and new bone formation, respectively. An imbalance between the activities of these two cell types leads to pathological conditions such as osteoporosis, caused by excessive osteoclast activity, and osteopetrosis, caused by reduced osteoclast activity [1] . Furthermore, bone resorption around implants [2, 3] is a major cause of failure of orthopaedic and dental implants, leading to implant loosening and micromotion problems. Understanding which cues trigger or arrest bone remodelling is thus important for the design of implants that improve osseointegration.
Osteoclasts are multi-nucleated cells of monocytic origin, which alternate between migratory and boneresorbing phases [4] . Their attachment to the bone surface is mediated through unique adhesion structures, the podosomes, which consist of a central core of actin filaments linked via lateral fibres to a membrane-bound, circular adhesion plaque surrounding the core [5] .
The actin filaments are associated with a variety of proteins that regulate their nucleation, elongation, severing and bundling [6, 7] , whereas the membrane anchorage is mediated via components of the integrin adhesome [8] [9] [10] [11] . In the functional, polarized, bone-resorbing osteoclast, podosomes assemble into a ring-like superstructure, known as a 'sealing zone' [5, 12] . This structure mediates the firm attachment of the cell to the substrate, delimiting the so-called 'resorption lacuna' at the bone surface, and thus serving as a diffusion barrier that separates the resorption area from the rest of the extracellular environment. The sealing zone formed on the bone, and on a variety of artificial adhesion surfaces, is composed of a central F-actin ring, formed of a network of interlinked podosomes, and flanked by inner and outer rings of integrins and associated adhesome proteins [5, 12] .
A key requirement for bone degradation is that the resorption lacuna must be well-defined and isolated, and thus the sealing zone should be continuous and sufficiently stable over time to allow resorption to occur. This requirement is not trivial when considering that the sealing zone is a very dynamic structure [13, 14] , whose continuity depends on multiple environmental factors, including but not limited to surface chemistry, degree of mineralization, substrate rigidity and surface topography [15] [16] [17] [18] [19] . We have previously shown that sealing-zone structure and dynamics depend on the nature of the underlying matrix, and are vastly different for cells adhering to calcite, glass or bone [18] . We have further demonstrated that osteoclast adhesion to bone is spatially selective, insofar as there are bone regions that locally induce sealing-zone formation, while other regions, under the same cell and at the same time, fail to do so.
We have further shown that one of the features that effectively modulates sealing-zone formation is the submicrometre surface roughness. As our primary model substrate, we have used 'smooth' and 'rough' calcite crystals, demonstrating that the level of substrate roughness has a profound effect on the formation and stability of the sealing zone, and the associated F-actin ring [19] . Thus, smooth surfaces (average roughness R a 12 nm) induced the formation of small and unstable actin rings, while sealing zones formed on rough calcite surfaces (average roughness R a . 0.5 mm) are considerably larger and more stable. It was further observed that steps or submicrometre cracks on a smooth surface stimulate local ring formation, raising the possibility that imperfections on bone surfaces may induce local resorptive activity.
While the evidence concerning the ability of osteoclasts to sense and respond to surface roughness is compelling, there are many open questions concerning the nature of the sensory mechanism. Although the subject of nanotopography sensing by cells is extensively studied and discussed [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , the possible effect of cooperativity in topography sensing within the range of several micrometres has not been addressed. Issues that must still be clarified include the dimensions and angles of the topographical features that are sensed by the cells and whether the topography-sensing mechanism acts at the level of the individual podosome, or of the entire sealing zone.
To address these questions, we have used here surfaces with a gradient of roughness values and have monitored the effect of the local topography on osteoclast behaviour and sealing-zone dynamics. We show here that sealingzone dynamics are affected by changes in topography at a scale larger than that of a 'footprint' of a single podosome, implying that surface-topography sensing, at this scale, is most probably integrated by the sealing zone. We show that the expansion of the sealing zone is arrested by steep, three-dimensional 'ridge-like barriers', running parallel to its perimeter. Nevertheless, the arrested region can overcome such obstacles and move across them, when flanking regions of the sealing zone expand through neighbouring, obstacle-free areas, apparently 'towing' the arrested region. When steep slopes restrict the expansion of the ring in all directions, the sealing zone adapts to the surrounding topography and becomes stable and continuous. We conclude that the three-dimensionality of the underlying surface globally affects sealing-zone assembly, dynamics and stability.
MATERIAL AND METHODS

Surface preparation
Gradient surfaces were prepared as previously described. In short, the gradients were prepared by sandblasting aluminium surfaces, followed by their immersion in a polishing solution. The surfaces were then gradually removed from the solution such that a gradient was formed owing to the varying duration of the polishing process for different locations on the surface. To reproduce identical surfaces, the aluminium surface was then used as a template for preparing replica surfaces made of epoxy resin (via an elastomeric intermediate), which were then sputtered with 60 nm of titanium [25] .
The gradients were characterized with an optical profilometer (Plu NEOX, Sensofar, Spain) by using the 50X objective (NA 0.95) in confocal mode. For every data point, several measurements were performed on a 2.5 mm-long stripe perpendicular to the gradient. The data were analysed with the Software SENSOMAP (v. 6.0.0.5832 incl. 3D Fourier Analysis Module, DigitalSurf, France) by levelling the measurements and extracting 10 profiles, each 20 pixels apart. The profiles were then split into different roughness windows (1.5 -3 mm, 3-10 mm, 10-50 mm, 50 -250 mm) by using the fast Fourier transform (FFT) filter module. For every roughness window, the corresponding R a value was calculated according to the ASME B46.1 standard without applying any additional filtering. Then, the average roughness and the standard deviation of the 10 profiles were calculated.
Surfaces were plasma-cleaned for 2 min, immersed in 70 per cent ethanol for 10 min and conditioned with vitronectin (10 mg ml
21
) for 8-10 h at 48C. Prior to cell plating, the gradient surfaces were washed, placed in the culture medium and heated to 378C.
Tissue culture
RAW 264.7 cells, a mouse leukemic, monocyte-macrophage cell line, obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA) were cultured at 378C in a 5 per cent CO 2 -humidified atmosphere in Dulbecco's modified Eagle's medium with Earle's salts, L-glutamine and NaHCO 3 , supplemented with foetal bovine serum and antibiotics. To induce osteoclast differentiation, cells were plated at a density of 100 cells mm 22 in alpha-minimal essential medium supplemented with soluble receptor activator of the NFkB ligand (RANK-L; 20 ng ml 21 ), and macrophage colony-stimulating factor (M-CSF; 20 ng ml 21 ). After 3 days, cells were removed with ethylene diaminetetraacetic acid (10 mM) for 10 min, and then cultured for 60 h on the microgradient surfaces.
Fluorescence microscopy
For live-cell imaging, RAW cells stably expressing GFP (green fluorescent protein)-actin [30] were induced to differentiate in plastic dishes for 3 days, then suspended and replated on gradient surfaces as described above, and observed for 48 h in sequential periods of 8-12 h, starting 4 h after replating. The temporal resolution recorded is 1 frame min
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. Images were acquired using a DeltaVision microscopy system (Applied Precision, Inc., Issaquah, WA, USA) consisting of an IX70 inverted microscope equipped with a 20X/0.7 objective (Olympus, Japan).
Image processing and analysis were carried out using PRIISM software for LINUX operating systems (http:// msg.ucsf.edu/IVE/Download/).
For acquisition of the three-dimensional structure of the sealing zone, GFP-actin-expressing osteoclasts were fixed and stained with a primary antibody, monoclonal antipaxillin (BD, San Jose, CA, USA), and a secondary antibody, goat anti-mouse IgG, conjugated to cy3 (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA), following well-established procedures [5] .
In order to plot the correlation graph, we first averaged the fraction of identical pixels in subsequent frames of a 150 min movie between frames separated by Dt ¼ 0-15 min. This resulted in a correlation graph per cell. We then averaged the correlation graphs obtained for several cells (see n values in figure 6 ) for each topographical zone (defined above; figure 3 ). As the stability of the sealing-zone structure increases, the decay in correlation becomes slower.
The kymograph was plotted using IMAGEJ. In short, for each frame of a time series, grey values along a line of interest are read out. From these lines of grey values, a new image (time-space plot) is assembled: The line read from the first frame of the time series is put down as the first line in the kymograph, the line from the second frame as the second line of the kymograph, and so forth. In this way, the x-axis of the kymograph becomes a time axis and the unit is the time-interval of the sequence (1 min). The y-axis is the distance along the line.
RESULTS
Surface characterization
Roughness gradients were produced by first sandblasting an aluminium surface, then dipping it into a polishing solution and gradually retracting it, as has been previously described [25] . The aluminium gradients so obtained through the combined roughening effect of sandblasting and the progressive smoothing effect of the polishing solution, then served as templates for the production, via an elastomeric intermediate, of a large number of identical epoxy roughness replicas, which were subsequently coated with titanium [25] . The procedure resulted in gradients distributed over an overall length of 10 mm within an average roughness range of 0.4-4.5 mm R a (figure 1a). Average roughness (R a ) is defined as the average displacement of measured points relative to the mean plane. FFT was applied to convert the roughness measurements acquired along the gradient into power spectra that could then be Fourier-filtered into roughness profiles corresponding to different wavelength (length-scale) windows [31] of 1.5-3 mm, 3-10 mm, 10-50 mm and 50-250 mm. Figure 1 shows the decay of the roughness/amplitude values for each range of wavelengths as a function of the position along the gradient. Scanning electron microscopy images were also taken at different positions on the gradient, corresponding to different polishing times. Where the surface was not polished, sharp edges, ridges and peaks created by the sandblasting procedure can be observed (figure 1b). The gradual polishing resulted in increasing smoothing of these features, rendering them shallower and larger in diameter (figure 1b-e).
The local features of the gradient substrate were characterized by monochromatic reflected-light microscopy, in which light intensity is locally correlated with the angle between the surface plane and the incident light. In order to distinguish between peaks and pits, we examined the surface at different Z-planes. The two images shown in figure 2a,b are taken at two focal planes, 8.5 mm apart, in a zone with R a 4 mm (unfiltered): the different features that are in focus in each focal plane demonstrate that the rounded feature in the image is an approximately 8.5 mm-deep pit. The features from reflected-light images can be subsequently reconstructed according to the brightness of the reflected image ( figure 2c,d ). This characterization was performed in situ while monitoring dynamics of fluorescently tagged actin within the cells, enabling us to establish a direct correlation between the underlying substrate topography and the sealing-zone dynamics.
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positions and the surface roughness, we divided the gradient into five different zones according to their local topographical features (figure 3), as follows: zone 1: relatively smooth surface (R a , 0.7 mm, unfiltered); zone 2: scattered shallow pits, mostly separated by smooth areas (0.7 mm . R a . 1.5 mm, unfiltered); zone 3: deeper pits separated by rounded ridges (1.5 mm , R a , 3 mm, unfiltered); zone 4: multiple, overlapping round deep pits (3 mm , R a , 4 mm, unfiltered); zone 5: sandblasted surface which was not polished and hence is mainly dominated by sharp edges (R a 4 mm, unfiltered). In general, as the average roughness (R a ) increases and the distance between profile irregularities decreases, the angles in the area are steeper. The decay in the roughness of different wavelength components of the roughness profile (figure 1a) is reported in figure 3 in relation to the different zones. All gradient replicas used in this study originated from the same, extensively characterized original template, ensuring that all surfaces used in different experiments are identical and the cells tested in different experiments thus encounter identical topography.
Sealing-zone dynamics
RAW 264.7 cells, expressing GFP-actin, were induced to differentiate by 3-day exposure to RANK ligand and M-CSF. The mature osteoclasts were removed from the plate and seeded on the roughness-gradient surfaces. Several cells located at different positions along the gradient were monitored simultaneously over 12 h. In order to determine whether the osteoclast sealing-zone geometry is affected by substrate topography, we acquired a focal series of sealing-zone images of cells expressing GFPtagged actin and immunolabelled for paxillin, and subjected the images to three-dimensional deconvolution. As shown in figure 4 , the sealing-zone ring acquires the three-dimensionality of the surface. In areas with smaller R a (zone 1: R a 0.5 mm, unfiltered), the rings appear to be largely flat, whereas in areas with high roughness (zone 5: R a 4 mm, unfiltered), both the actin and the paxillin rings are clearly three-dimensional, most probably guided by the topography of the surface. The paxillin staining appears to be more closely associated with the surface, relative to actin, as might be expected when considering that the adhesion plaque, including paxillin, is tightly associated with the ventral cell membrane. It appears that the shape of the ring is at least partially dictated by the sharp edges of the surface. Furthermore, while on the relatively smooth surfaces, the sealing zone is mostly circular, as the roughness increases, deviations from a circular shape become more pronounced (figure 4).
Observation of a large number of fixed cells along the gradient showed an increasing integrity of the sealing zone, with increasing roughness. The percentage of fragmented rings with a gap of at least 10 mm decreased from zones 1 to 5, as R a increased ( figure 5 ). This finding clearly demonstrates that as the surface is more three-dimensional and the expanding rings encounter more obstacles, the integrity of the ring is better preserved, while on a flatter surface where the expanding ring encounters no obstacles, the integrity of the ring is compromised.
Osteoclasts on the titanium gradient form large rings that spread towards the periphery of the cell. In order to assess the stability of the sealing-zone rings formed by cells adhering to the various zones, we calculated the fraction of identical pixels in subsequent frames of a movie. A fraction closer to 1 indicates that the main features in the pictures (the sealing-zone ring) remained in 4 ). This implies that the ring dynamics are not simply directly proportional to the average roughness of the sample. Examining the composition of the roughness of zones 4 and 5 in terms of different wavelength windows shows that the relevant range for the sealing-zone stability is either R a ¼ 0.5-1 mm for l ¼ 10-50 mm or even as low as 0.1-0.3 mm for l ¼ 3-10 mm. In both cases, the wavelength is larger than the size of a podosome, indicating that sensing of the substrate roughness occurs not at the scale of individual podosomes, but of a number of podosomes linked together in the sealing zone. As the sealing zone closely adapts to the surface topography (figure 4), it is evident from the above data that extracellular microtopographic obstacles affect sealing-zone formation and turnover. This effect appears to be mostly local, as we have observed that different regions of the same sealing zone, encountering or not encountering a topographical barrier, can be arrested or continue to expand. In this case, it is interesting to explore the long-range mechanical constraints of the sealing-zone ring, i.e. the dynamic correlation between 'arrested regions' and adjacent 'free regions'.
To address this issue, we have examined the local and global dynamic properties of the sealing zone in osteoclasts plated on zone 3 in which pits and peaks are separated by short smooth areas (1.5 mm , R a , 3 mm, unfiltered). Electronic supplementary material, movie S1, from which the pictures shown in figure 7a and the kymographs in figure 7c ,d,e were taken (see §2) show that the progression of the sealing-zone region encountering a topographic barrier (d) is stalled relative to its surroundings (c and e), yet once the flanking regions have advanced beyond the barrier, the stalled region of the ring is 'pulled over' the barrier and lines up with the rest of the sealing zone.
DISCUSSION
The primary objective of this study was to elucidate the effect of surface microtopography on sealing-zone structure and dynamics in cultured osteoclasts. We show here that sealing-zone stability and integrity are increased, and translocation of the sealing zone decreased, with increased surface roughness. These results further indicate that the sealing-zone translocation rate is inversely correlated to its integrity.
The sealing zone is built of individual podosomes, each consisting of a core of actin bundles that rise perpendicular to the surface, surrounded by actin fibres connecting the core to the membrane. In the sealing zone, the podosomes are interconnected by a dense network of actin fibres joining one core to the other and to the substrate. The typical dimensions of a single isolated podosome are approximately 1 mm in diameter and up to 4 mm high [5, 32] . In the sealing-zone ring on glass, interconnected podosomes are separated by a typical core-to-core distance of approximately 500 nm. Our finding that the capability of osteoclasts to detect and react to increasing surface topographies is expressed at wavelengths larger than 3 mm, within a range well beyond the size of individual podosomes, renders unlikely the possibility that topography sensing is carried out by single podosomes and suggests that topography sensing is dependent upon the cooperation of podosomes in the sealing-zone network. Live-cell monitoring of cultured osteoclasts indicates that sealing-zone expansion involves the assembly of new podosomes along the outer rim of the ring, and dissociation of internal podosomes [13] . In BHK-RSV cells, in which podosomes create expanding rings similar to the osteoclast sealing zone, paxillin phosphorylation has been shown to induce podosome disassembly at the inner rim of the ring, thus proving to be crucial to the process of ring expansion [33] . An attractive possibility is that the interconnecting F-actin filaments associated with the sealing zone apply pulling forces onto the podosomes associated with the outer circumference of the sealing zone. Similar to other integrin adhesions [34] [35] [36] [37] [38] [39] [40] , these forces might enhance podosome assembly in these areas, and thus support ring expansion. The structural integrity of the ring depends on the fine balance between the formation and maturation of new podosomal rings and the outward extension rate. Typically, the formation of new podosomes lasts approximately 2 min (C. Luxenburg 2009, unpublished data), whereas the rate of ring expansion is irregular, depending on surface roughness and can be as fast as 2 mm min
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. Ring expansion thus occurs within the same timescale as podosome formation, and may involve the formation of several podosomes per minute at any given location.
An inverse correlation between sealing-zone stability and integrity can be deduced from the same data. When the ring expands fast, as on a smooth surface, new Effects of surface microtopography D. Geblinger et al. 1605
podosomes have insufficient time to assemble and interconnect to the existing sealing zone-associated podosomes, and therefore the sealing-zone ring is often fragmented. When the sealing-zone translocation is slower, as observed on rough surfaces, new podosomes have sufficient time to accumulate and interconnect and therefore the sealing zone is continuous. What are the topographical features of the surface that affect sealing-zone formation, integrity and stability? To address this issue, one must understand the nature of the surfaces used in this study. The surfaces were prepared by replication of a metal sheet that was gradually polished after being sandblasted. During such a polishing process, which preferentially removes the short-wavelength components first, in parallel to total roughness (R a ) decrease, the slopes in the sample are less steep as the duration of polishing is longer. We suggest that the sealing-zone dynamics are regulated both by the magnitude of slopes in the sample and by the amount of nearly vertical 'ridges', each by different mechanisms.
Monitoring the local effect of topographical obstacles on sealing-zone structure and dynamics indicated that an edge up to several micrometres high, running perpendicular to the sealing-zone circumference, does not significantly alter the local ring-extension rate, while a barrier with similar dimensions, oriented parallel to the ring, locally blocks its expansion. When the surface is coated with sharp edges in all directions, at some point, the sealing-zone translocation will be arrested circumferentially by edges, leading to less circular and more stable sealing-zone rings, as was statistically observed. Naturally, when the barrier is larger than the ring diameter, the expansion of the sealing zone in that direction is completely arrested.
When the obstacle is significantly smaller than the ring diameter, those regions of the ring that do not directly encounter the barrier keep expanding, and consequently the sealing zone becomes convex. This process of local 'slowing down' of sealing-zone expansion is often overcome by cooperative processes, whereby advancing regions of the ring, flanking the arrested region, 'pull' the stalled ring over the physical obstacle. These observations indicate that 'outward-directed' radial forces drive sealing-zone dynamics and can have a long-range global effect, enabling stalled regions to overcome local topographical barriers. We have recently observed, however, that lack of surface adhesion constitutes an insurmountable barrier (F. Anderegg 2011, unpublished data). Thus, overcoming a topographical barrier still requires continuous adhesion to the surface.
Our previous observations on calcite [19] demonstrated that roughness in the sub-micrometre range promotes ring stability. Calcite, having only one stable face, possesses only very sharp edges and steps. The fact that sharp edges in the sub-micrometre range have a similar stabilizing effect over the sealing-zone stability as ridges with a height of several micrometres on the titanium gradients is explained by the decomposition of the total roughness (unfiltered; figure 3d ) into components of different wavelength: this procedure shows that even though the total roughness is in the range of several micrometres, the height of the effective components lies in a range between a few hundreds of nanometres up to a maximum of 2.5 mm, as on calcite. Thus, knowledge of the unfiltered roughness value itself is insufficient for the prediction of ring stability.
Differences in sealing-zone dynamics were also observed between zones that possess no sharp edges. The regulation of ring dynamics can be explained by a complementary mechanism. As the podosomes are directly attached to the underlying surface, neighbouring podosomes can be anchored to the same plane or at different altitudes, depending on the topography of the surface to which they attach. The difference in altitude causes variations in the proximity of the podosome cores and, as a consequence, in the length and angle of the connecting fibres. Hence, the map of forces that the podosomes exert on one another is directly related to the underlying topography.
CONCLUSIONS
Bone degradation by osteoclasts depends on the effective sealing of the degradation lacuna, into which the osteoclast secretes acid and proteolytic enzymes. Thus, in order for resorption to be effective, the sealing zone must be coherent and stable for extended periods of time. The results illustrated here, together with those from our previous study [19] , show that the latter requirements are met when the surfaces to which osteoclasts adhere are rough, ranging from hundreds of nanometres to micrometres, within the appropriate lateral wavelength scale, and contain microtopographic obstacles that slow down sealingzone expansion. We further show that sealing-zone dynamics, while being locally regulated by surface roughness, can be globally mechanically integrated, most likely by the actin filaments that interconnect the constituting podosomes. We propose that the results presented in this study may be implemented in the design of novel implants, by controlling the implant topography, and thus improve osseointegration through direct effects on local bone resorption and global stimulation of bone remodelling.
